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Abstract
Objectives: Success in pregnancy in mammals predominantly depends on a well-
developed placenta. The differentiation of invasive trophoblasts is a fundamental pro-
cess of placentation, the abnormalities of which are tightly associated with pregnancy 
disorders including preeclampsia (PE). Monoclonal nonspecific suppressor factor beta 
(MNSFβ) is an immunosuppressive factor. Its conventional knockout in mice induced 
embryonic lethality, whereas the underlying mechanism of MNSFβ in regulating pla-
centation and pregnancy maintenance remains to be elucidated.
Methods: Trophoblast-specific knockout of MNSFβ was generated using Cyp19-Cre 
mice. In situ hybridization (ISH), haematoxylin and eosin (HE), immunohistochemistry 
(IHC) and immunofluorescence (IF) were performed to examine the distribution of 
MNSFβ and insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) at the 
foeto-maternal interface. The interaction and expression of MNSFβ, IGF2BP2 and 
invasion-related molecules were detected by immunoprecipitation (IP), immunoblot-
ting and quantitative real-time polymerase chain reaction (qRT-PCR). The cell invasion 
ability was measured by the Transwell insert assay.
Results: We found that deficiency of MNSFβ in trophoblasts led to embryonic growth 
retardation by mid-gestation and subsequent foetal loss, primarily shown as appar-
ently limited trophoblast invasion. In vitro experiments in human trophoblasts dem-
onstrated that the conjugation of MNSFβ with IGF2BP2 and thus the stabilization of 
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1  |  INTRODUC TION

As a transient organ that is particularly formed during pregnancy 
in mammals, the placenta acts as an indispensable safeguard for 
both foetal growth and maternal health.1,2 The recent integrative 
investigation in genetically manipulated mice has strongly revealed 
that defects in placentation are highly prevalent in abnormal em-
bryo development.3 Placental trophoblast cell differentiation along 
the invasive pathway is one of the fundamental processes for pla-
cental development. The invasive extravillous trophoblasts (EVTs) 
infiltrate into decidua to anchor the embryo to the uterine wall, re-
construct uterine blood vessels to ensure blood supply and establish 
an immune-tolerant environment through interaction with maternal 
immune cells. Defects in trophoblast cell invasiveness and subse-
quent insufficient remodelling of maternal spiral arteries have been 
well recognized as the dominant pathological factors of pregnancy-
associated disorders including PE.2,4,5

We previously identified a remarkable differential gene, MNSFβ, 
in mouse implantation site,6,7 which encodes a non-antigen-specific 
immunosuppressive factor with 97.8% homology between human 
and mouse. Structurally, MNSFβ consists of 133 amino acids 
which form a ubiquitin-like (Ubi-like) domain and a ribosomal S30 
domain.8–10 Conventional knockout of MNSFβ gene in mice led to 
embryonic lethality of homozygotes (MNSFβ−/−) and significantly re-
tarded in utero growth of heterozygotes (MNSFβ+/−) after embryonic 
day 10.5 (E10.5).11 In addition, we found the invasion-promoting ef-
fect of MNSFβ on human trophoblasts, and its markedly decreased 
expression in the placentas of recurrent miscarriage patients.11,12 
These evidences highly indicate the dominant roles of MNSFβ in 
regulating trophoblast differentiation and therefore governing preg-
nancy outcomes.

To further address the regulatory mechanisms of MNSFβ in 
the process of placental development, here we generated a mouse 
model with specific deletion of MNSFβ gene in placental trophoblasts 
(PHTs) using the Cyp19-Cre tool. Phenotypical analysis of embryonic 
and placental growth as well as trophoblast differentiation was con-
ducted. Glutathione S-transferase (GST) pull-down, mass spectrom-
etry and invasion assay in human trophoblast cells were carried out 
to determine the interaction between MNSFβ and IGF2BP2 that can 
regulate trophoblast cell invasiveness. What's more, the aberrant 
expressions of MNSFβ and IGF2BP2 in severe PE placentas were 
examined. The findings reveal MNSFβ as a novel factor governing 
trophoblast cell invasiveness and therefore foetal development.

2  |  MATERIAL S AND METHODS

2.1  |  Generation of placenta-specific knockout of 
MNSFβ in mice

MNSFβloxp/loxp mice were generated previously,11 and Cyp19-Cre trans-
genic mice were kind gift from Professor Gustavo Leone′s group.13 
According to the previous report,13 the CYP19 promoter can lead to 
Cre expression in all derivatives of trophoblast stem cells from E6.5 
on, and only less than 4.5% foetuses exhibit weak-to-moderate Cre 
expression in areas of foetal skin, lens of the eye and corpus callosum 
of the hindbrain. The mice were housed in the Animal Care Facility in 
the Institute of Zoology (IOZ), Chinese Academy of Sciences (CAS), 
and the experimental procedure was approved by the Animal Welfare 
and Ethics Committees in IOZ. All mice were housed under a 12 h 
light/12 h dark cycle (light from 07:00 AM to 19:00 PM, temperature 
[23–25°C] and relative humidity [40%–60%]), with adequate water 
and food supply. For the mating experiment, 8–10-week-old male 
and virgin female mice were cohoused from 5:00 PM to 8:00 AM, 
and the morning when vaginal plug was detected was recorded as 
embryonic day (E) 0.5 of pregnancy. To get placental-specific knock-
out of MNSFβ in mice, Cyp19-Cre+/−/ MNSFβloxp/+ mice (F1) were 
generated by crossing MNSFβloxp/loxp mice with Cyp19-Cre transgenic 
mice (F0), and the F1 mice were crossed with MNSFβloxp/loxp mice to 
get F2 foetuses including Control (MNSFβloxp/+ or MNSFβloxp/loxp), Het 
(Cyp19-Cre+/−/ MNSFβloxp/+) and cKO (Cyp19-Cre+/−/ MNSFβloxp/loxp). 
After sacrificed by cervical dislocation at E10.5 or E13.5, the foe-
tuses and placentas were weighed separately, and the placental tis-
sues were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich) and 
subjected to paraffin or frozen embedding. Tail tips of the foetuses 
were collected for genotyping by PCR with specific primers for Cre 
(Forward primer, 5′-CCACGACCAAGTGACAGCAA-3′; Reverse 
primer, 5′-TGACCAGAGTCATCCTTAGCG-3′) and MNSFβ (Forward 
primer, 5′-CACTTCTTCCTCTTTCTTGACTCC-3′; Reverse primer, 
5′- CGATCTAAAGTCCCTAGAAGGCAC-3′).

2.2  |  Collection of human placental and 
decidual tissues

The study was approved by the Local Ethical Committees in IOZ, 
the Second Hospital Affiliated to Tianjin Medical University (Tianjin, 
China) and Peking University Third Hospital (Beijing, China). Written 

IGF2BP2 essentially mediated the invasion-promoting effect of MNSFβ. In the pla-
centas from MNSFβ-deficient mice and severe preeclamptic (PE) patients, downregu-
lation of MNSFβ was evidently associated with the repressed IGF2BP2 expression.
Conclusions: The findings reveal the crucial role of MNSFβ in governing the tropho-
blast invasion and therefore foetal development, and add novel hints to reveal the 
placental pathology of PE.
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informed consent was obtained from the enrolled pregnant women. 
The decidual and villous tissues from healthy pregnant women at 
early gestation were collected at the Second Hospital Affiliated 
to Tianjin Medical University (Tianjin, China), and the clinical fea-
tures of these pregnant women are summarized briefly in Table S1. 
Human placental tissues from patients with severe PE (PE, n = 7) or 
unexplained preterm labour (PTL, n  =  7) were collected at Peking 
University Third Hospital (Beijing, China). The placentas from PTL 
were used as the gestation-matched controls for severe PE, as de-
scribed previously.14 The clinical features of the pregnant women 
enrolled in this study are summarized in Table  S2. Severe PE was 
defined as a pregnancy having no history of preexisting or chronic 
hypertension but showing systolic blood pressure of ≥160 mmHg or 
diastolic blood pressure of ≥110 mmHg on at least two occasions, 
accompanied by significant proteinuria (≥2 g/24 h or 3+ by dipstick 
in two random samples collected at >4 h intervals) or problems in 
multiple organs (such as pulmonary oedema, seizures, oliguria, ab-
normal liver enzymes associated with persistent epigastric or right 
upper quadrant pain, or persistent and severe central nervous sys-
tem (CNS) symptoms) after the 20th week of gestation.15 PTL was 
defined as labour earlier than the 34th week, but without clinical or 
pathological features of other maternal or placental complications. 
Specimens of the placenta were obtained immediately after caesar-
ean section and subjected to snap freezing.

2.3  |  Cell culture and treatment

The human choriocarcinoma cell line JEG3 was purchased from 
American Type Culture Collection (ATCC). The HTR8/SVneo cell 
line was kindly provided by Dr. C.H. Graham at Queen’s University, 
Canada. The JEG3 cells were maintained in Dulbecco's Modified 
Eagle's Medium (DMEM) (Gibco,) supplemented with 10% foetal bo-
vine serum (FBS, Gibco), and the HTR8/SVneo cells were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) sup-
plemented with 10% FBS (Gibco).

Human trophoblast stem cells (hTSCs) were derived from first 
trimester placental villi according to a previous publication.16 hTSCs 
were cultured in a 6-well plate pre-coated with 5  μg/ml of colla-
gen type IV (Col IV) (Sigma-Aldrich) with 2 ml of tryptose sulphite 
cycloserine (TSC) medium: DMEM/F12 (nutrient mixture) (Gibco) 
supplemented with 0.1mM 2-mercaptoethanol (Sigma-Aldrich), 
0.2% FBS (Gibco), 0.5% Penicillin-Streptomycin (Gibco), 0.3% bovine 
serum albumin (BSA) (Wako), 1% insulin-transferrin-selenium eth-
anolamine (ITS-X) supplement (Wako), 1.5 μg/ml of L-ascorbic acid 
(Wako), 50 ng/ml of epidermal growth factor (EGF) (Wako), 2 μM 
CHIR99021 (Wako), 0.5 μM A83-01 (Wako), 1 μM SB431542 (Wako), 
0.8 mM valproic acid (VPA) (Wako) and 5 μM Y27632 (Wako).

Transient transfection experiments were carried out using 
Lipofectamine 2000 according to the manufacturer's instruc-
tion (Invitrogen). The small interfering RNA (siRNA) duplexes 
were generated by GenePharma. Sequences for siRNA were as 
follows: MNSFβ (sense, 5′-CCAAACAGGAGAAGAAGAATT-3′; 

antisense, 5′-UUCUUCUUCUCCUGUUUGGTT-3′); IGF2BP2 
(sense, 5′-GCGAAAGGAUGGUCAUCAUTT-3′; antisense, 
5′-AUGAUGACCAUCCUUUCGCTT-3′); negative control (NC) 
(scrambled sequence) (sense, 5′-UUCUCCGAACGUGUCACGUTT-3′; 
antisense, 5′-ACGUGACACGUUCGGAGAATT-3′). Following 24 h or 
48 h of transfection, total RNAs or proteins were extracted for qRT-
PCR or immunoblotting.

2.4  |  Haematoxylin and eosin (HE) staining and 
immunohistochemistry (IHC) or immunofluorescence 
(IF)

Freshly collected tissues were subjected to embedding in an opti-
mal cutting temperature (OCT) compound (Sakura Finetek) or fixa-
tion in 4% paraformaldehyde (PFA) followed by routine dehydration 
and paraffin embedding. Frozen sections at 8 µm or paraffin sec-
tions at 5 μm were subjected to staining with Mayer's haematoxylin 
and eosin Y solutions (Sigma-Aldrich), or antigen retrieval followed 
by incubation with specific antibody against cytokeratin 7 (CK7, 
1:300, ab75813, Abcam), IGF2BP2 (1:200, 11601–1-AP, Proteintech) 
or MNSFβ (1:500, Beijing ComWin Biotech Co. Ltd.). Negative con-
trols (NCs) were incubated with immunoglobulin G (IgG), instead 
of primary antibody. For IHC, the sections were further incubated 
with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies (PV-6001, Zhongshan) and visualized with 3,3'-diaminobenzidine 
(DAB) (ZLI-9019, Zhongshan). The staining results were recorded 
on a light microscope (DP72, Olympus) and analysed using Image-
Pro Plus Version 6  software. For IF, the sections were incubated 
with fluorescein isothiocyanate (FITC)-conjugated or tetrameth-
ylrhodamine (TRITC)-conjugated secondary antibody (1:200, ZF-
0311, ZF-0313, Zhongshan), with cell nuclei being stained with 
4,6-diamidino-2-phenylindole (DAPI; 28718–90–3, Sigma-Aldrich). 
The results were recorded on a Zeiss LSM780 confocal microscope 
system (Zeiss, Germany) and processed with ZEN 2012  software 
(Zeiss).

2.5  |  In situ hybridization (ISH)

MNSFβ-specific riboprobe was designed to recognize nucleo-
tides 1–399 of Mus musculus MNSFβ mRNA (messenger RNA; 
GenBank Accession No. BC058691.1). The sense probe and 
antisense probe were in vitro transcribed with mouse pla-
centa complementary DNA (cDNA) as template using forward 
primer: 5′-GCGTCCGCGGGCTAGTA-3′ and reverse primer: 
5′-TATTAGCATGGCAGGGTGGC-3′. The digoxin-labelled riboprobe 
was synthesized according to the manufacturer's instruction (Roche). 
The ISH was carried out, as described previously.17,18 Briefly, serial 
frozen sections at 10 μm were fixed in 4% PFA, treated with protease 
K and hybridized with sense or antisense probes for MNSFβ at 55°C. 
The sections were washed in saline-sodium citrate buffer, followed 
by incubation with anti-digoxin antibody (1:200, 11093274910, 
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Roche). 5-Bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazo-
lium (BCIP/NBT) (Promega) was used as substrate to visualize the sig-
nals. The staining results were recorded on a light microscope (DP72, 
Olympus) and analysed using Image-Pro Plus Version 6 software.

2.6  |  Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from tissues or cells using TRIzol reagent 
(Invitrogen), and 2 µg of total RNA was subjected to cDNA synthe-
sis. Real-time PCR was carried out using LightCycler480 sequence 
detection system (Roche). The primers were listed as follows: 
Homo MNSFβ: Forward primers: 5′-ACTCCATCTTCGCGGTAGC-3′; 
Reverse primers: 5′-GGAGCACGACTTGATCTTCC-3′. Homo 
Igf2bp2: Forward primers: 5′-TCTTTGGGGACAGGAAGCTG-3′; 
Reverse primers: 5′-GTAGTCCACGAAGGCGTAGC-3′. Homo 
Gapdh: Forward primers: 5′-TGAAGGTCGGAGTCAACGGA-3′; 
Reverse primers: 5′-CCTGGAAGATGGTGATGGGAT-3′. Mus 
Prl3a1: Forward primers: 5′-GAAGGAGCCTGCAAGACCAT-3′; 
Reverse primers: 5′-CATCTGCCAGTCCCATCCAA-3′. Mus Prl3b1: 
Forward primers: 5′-CCAGAAAACAGCGAGCAAGT-3′; Reverse 
primers: 5′-AGGTACATGTGGAAGAGCAGC-3′. Mus Prl2c2: 
Forward primers: 5′-TGAGGAATGGTCGTTGCTTT-3′; Reverse 
primers: 5′-TCTCATGGGGCTTTTGTCTC-3′. Mus Prl3d1: Forward 
primers: 5′-TGGTGTCAAGCCTACTCCTTT-3′; Reverse primers: 
5′-CAGGGGAAGTGTTCTGTCTGT-3′. Mus Gapdh: Forward prim-
ers: 5′-GGAGAAACCTGCCAAGTATGATG-3′; Reverse primers: 
5′-AAGAGTGGGAGTTGCTGTTGAAG-3′. The relative level of the 
detected gene was normalized to endogenous Gapdh. The mRNA 
expression was calculated using the 2−ΔΔCT method, where ΔCT indi-
cates the subtraction of the threshold cycle (CT) for Gapdh from that 
for the interested gene.19

2.7  |  Plasmid construction

The coding region for IGF2BP2 (GenBank Accession No. 
BC021290.2) was amplified from human placental cDNA and cloned 
into pcDNA4 vector (Promega) at KpnI and EcoRI sites. The con-
struct was named pcDNA4-IGF2BP2. The amplified primers were 
as follows: Forward primers: 5′-ATGAACAAGCTTTACATCG-3′; 
Reverse primers: 5′-TGGAAGGGCTACATTCAT-3′. The construct se-
quence was confirmed by DNA sequencing.

2.8  |  Transwell insert assay

The cell invasion assay was conducted, as previously described.20 
Briefly, 24-well fitted Transwell inserts (3422, Costar) were pre-
coated with growth factor-reduced Matrigel matrix (356230, BD 
Biosciences) at a concentration of 200  µg/ml. Following 24  h of 
siRNA or plasmid transfection, JEG3 or HTR8/SVneo cells were 

harvested and seeded at 5 x 104/100 µl cells in each insert contain-
ing FBS-reduced medium. After 32 h of incubation, the cells were 
fixed in 4% PFA and stained with crystal violet. The non-invaded 
cells on the upper surface of membrane were removed using a cot-
ton swab, and the cells on the lower surface were counted. In paral-
lel to Transwell insert assay, Cell Counting Kit-8 (CCK-8) (Dojindo) 
assay in a 96-well plate was performed to measure cell viability for 
the same batch of cells according to the manufacturer's instructions 
(Figure S3). The number of invaded cells was adjusted by the total 
cell number to measure the invasion index.

2.9  |  Immunoprecipitation (IP) and 
immunoblotting analysis

Total protein was extracted from frozen tissues or cultured cells 
using radioimmunoprecipitation (RIPA) lysis buffer (Beyotime) with 
protease inhibitor cocktails (Sigma-Aldrich), and 30 µg of total pro-
tein was separated by 12% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene 
fluoride (PVDF) membranes (Amersham Pharmacia Biotech). After 
blocking in 5% BSA, the membranes were incubated with primary 
antibodies: against MNSFβ (1:2000, Beijing ComWin Biotech Co. 
Ltd.); IGF2BP2 (1:2000, 11601–1-AP, Proteintech); and β-actin 
(1:5000, KM9001T, Tianjin Sungene Biotech). Following a wash with 
0.1% phosphate-buffered saline/Tween (PBST), the membranes 
were incubated with HRP-conjugated secondary antibody (0.1 µg/
ml; Promega). The signals were visualized with the enhanced chemi-
luminescence Western blot analysis system (Pierce). The relative 
densities of the detected proteins were normalized by the density 
value of β-actin in the same blot.

For IP, total proteins (1–2 mg) were extracted using the IP lysis 
buffer (Roche). After centrifugation at 10625 g, the lysates were 
incubated with antibody against MNSFβ, IGF2BP2 or normal IgG 
(BD0051, Bioworld) followed by incubation with Protein A/G mag-
netic beads (Santa Cruz). The beads were washed with IP washing 
buffer and eluted with 1x SDS loading buffer. The samples were 
subjected to SDS-PAGE and immunoblotting for antibody against 
IGF2BP2 (1:1000, 11601–1-AP, Proteintech), MNSFβ (1:1000, 
Beijing ComWin Biotech Co. Ltd) or ubiquitin (Ub, 1:200, sc-8017, 
Santa Cruz).

2.10  |  Statistical analysis

The statistical analysis was performed with GraphPad Prism ver-
sion 5.01 (GraphPad Software). Data were shown as mean ± SEM 
according to at least three independently repeated experiments. 
The differences between groups were analysed by independent 
Student's t-test or unpaired one-way analysis of variance (ANOVA) 
with Sidak's correction. The P values less than 0.05 were considered 
statistically significant.
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3  |  RESULTS

3.1  |  Expression pattern of MNSFβ at the foeto-
maternal interface of human and mouse

Immunofluorescent staining and/or ISH for MNSFβ was performed 
to clearly demonstrate its distribution at the foeto-maternal inter-
face of human and mouse. In human placental villous and decidual 
tissues at early gestation, immunofluorescent signals were inten-
sively observed in villous cytotrophoblasts (CTBs), syncytiotropho-
blasts (STBs) and EVTs, as well as many other cell types in placenta 
and decidua (Figure 1A). At the mouse foeto-maternal interface at 
E10.5 and E13.5, the MNSFβ expression could be extensively ob-
served in multiple trophoblast subsets and other cell types within 
the three functional layers –  decidua (Dec), sponge zone (Sp) and 
labyrinth (Lab) (Figure 1B,C). The data are in consistence with our 
recent report showing the wide distribution of MNSFβ in human pla-
centa,12 indicating the participation of this protein in multiple cell 
events at the foeto-maternal interface.

3.2  |  Placental-specific deficiency in MNSFβ leads 
to retarded embryonic and placental development at 
early-to-mid gestation in mice

To specifically elucidate the role of MNSFβ in placental trophoblasts, 
we generated a cKO mouse model targeting the MNSFβ gene in 
trophoblastic lineage using a Cyp19-Cre mouse, which has been well 
accepted as a tool to trigger trophoblast-specific gene manipulation 
from E6.5.13,21 Intercrossing of MNSFβloxp/loxp mice with Cyp19-Cre 
mice generated homozygous (Cyp19-Cre+/−/MNSFβloxp/loxp; cKO group) 
and heterozygous (Cyp19-Cre+/−/ MNSFβloxp/+; Het group) deficiencies 
of MNSFβ in multiple subtypes of trophoblasts (Figure 2A). The results 
of ISH for MNSFβ in placental tissues at E13.5 proved the high ef-
ficiency of gene deletion in trophoblasts in the cKO group (Figure 2B).

Our results of genotyping for the born pups revealed no cKO 
foetus survive to birth, while Het foetuses exhibited a normal birth 
rate and little obvious abnormality at birth. At E10.5 and E13.5, the 
ratio of cKO:Het:Control embryos was approximately 1:1:2, indicat-
ing that cKO embryos could survive till mid-gestation (Figure 2C and 
Table S3). However, the embryonic weight and placental weight of 
cKO embryos were remarkably lowered at E13.5 compared to those 
of the Het or Control group, although the decreased tendency was 
not significant at E10.5 (Figure 2D,E).

The phenotype observations reveal that trophoblast-specific de-
ficiency in MNSFβ results in retarded embryonic and placental de-
velopment and subsequent foetal lethality.

3.3  |  Deletion of MNSFβ in the placenta impairs 
trophoblast cell invasiveness

We further examined the placental structures at E10.5 and E13.5 
in the mice. Histological analysis revealed little difference between 

the placentas of the Het and Control groups in the area of the three 
functional layers – Dec, Sp and Lab at E10.5 or E13.5 (Figure 3A,B). 
Whereas in cKO placentas, the areas of Dec, Sp and Lab at E10.5 
were separately reduced to approximately 90%, 85% and 80% of 
the corresponding Control (Figure 3C), which were more severe at 
E13.5, being approximately 80%, 65% and 60% of the corresponding 
Control (Figure 3D).

Immunohistochemistry (IHC) for CK7 was performed to mark 
trophoblast cells and thus the cell invasiveness was analysed 
(Figure 3A,B). As shown, both the number of trophoblast cells that 
invaded into the decidual layer and their invasion distance were 
markedly declined in cKO placentas, which were approximately half 
of the Control at E10.5 (Figure 3E) and less than one third of the 
Control at E13.5 (Figure 3F). In parallel, the results of quantitative 
real-time PCR showed a remarkable downregulation of the invasion-
associated marker genes (prl3a1, prl3b1, prl2c2 and prl3d1) in cKO 
placentas, relative to the Het or Control group (Figure 3G).

These data demonstrate that the impaired trophoblast cell inva-
sion due to MNSFβ deficiency is a primary cellular defect in associa-
tion with retarded embryonic and placental development.

3.4  |  MNSFβ can directly bind IGF2BP2 in 
trophoblast cell

Previous studies have indicated the intracellular functions of MNSFβ 
primarily through binding other proteins. To explore how MNSFβ 
regulates trophoblast cell invasion, we screened proteins that can 
potentially interact with MNSFβ in a trophoblast cell line, JEG3, 
by using the GST pull-down and Orbitrap Elite Mass Spectrometer 
(OEMS) (Table S4).

Among the 24 candidates as shown in Table  S4, IGF2BP2  has 
been reported as an important intracellular factor for female fertil-
ity and trophoblast invasion.22,23 We carried out IP analysis in both 
JEG3 cells and human trophoblast stem cells (hTSCs) and proved the 
direct binding of MNSFβ to IGF2BP2 (Figure 4A). Immunofluorescent 
staining for IGF2BP2 was then performed to clarify its distribution at 
the foeto-maternal interface of human and mouse. In human decidual 
tissues at early gestation, immunofluorescent signals were primarily 
observed in EVT cells (Figure 4B). At mouse foeto-maternal interface 
at E10.5, IGF2BP2 staining was found in multiple subtypes of tropho-
blasts, including the trophoblasts that invaded into the decidual tissue 
(Figure 4C). These observations suggest the probable involvement of 
IGF2BP2 in MNSFβ-regulated trophoblastic invasiveness.

3.5  |  MNSFβ binds with IGF2BP2 to protect 
its degradation by ubiquitin-proteasome in 
trophoblast cell

Interestingly, knockdown of MNSFβ in JEG3 cells using specific 
siRNA did not alter the mRNA level of IGF2BP2, but led to a markedly 
reduced IGF2BP2 protein level, being less than half of that in the NC 
group in which scramble siRNA was transfected (Figure 5A-C). On 
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the contrary, knockdown or overexpression of IGF2BP2 had little 
influence on MNSFβ expression (Figure 5A-C). These data indicate 
that the direct binding of MNSFβ to IGF2BP2 may increase the sta-
bility of IGF2BP2 protein in trophoblasts.

In JEG3 cells, we found a gradually elevated IGF2BP2 protein 
level upon the treatment of the proteasome inhibitor carbobenzoxy-
Leu-Leu-leucinal (MG132), whereas the autophagy inhibitor 
3-methyladenine (3-MA) had little influence (Figure  5D,E and 
Figure  S1). In addition, knocking-down of MNSFβ significantly in-
creased the ubiquitination level of IGF2BP2 in JEG3 cells (Figure 5F).

These data demonstrate that MNSFβ binding with IGF2BP2 
protects the degradation of IGF2BP2 by the ubiquitin-proteasome 
pathway.

3.6  |  MNSFβ promotes trophoblast cell invasion via 
interaction with IGF2BP2

To interpret whether the interaction of MNSFβ with IGF2BP2 
regulates trophoblast cell invasion, we carried out the Transwell 

insert invasion assay in JEG3 and HTR8/SVneo cells that were 
subjected to knockdown or overexpression of MNSFβ or 
IGF2BP2. As shown in Figure  6, Figure  S2 and S3, downregu-
lation of either MNSFβ or IGF2BP2 with specific siRNA led to 
evidently reduced invasive capacity, while the overexpression 
of IGF2BP2 greatly enhanced cell invasiveness (Figure 6A,C and 
Figure S2A,C) in JEG3 and HTR8/SVneo cells. What's more, the 
invasion-inhibiting effect of MNSFβ siRNA could be partially, 
while significantly, reversed by increasing IGF2BP2 expression 
(Figure 6B,D and Figure S2B,D). The data reveal that MNSFβ pro-
motes trophoblast cell invasion via, at least in part, directly inter-
acting with IGF2BP2.

3.7  |  Downregulation of IGF2BP2 is associated 
with repressed MNSFβ in the placentas derived from 
cKO mice and severe preeclamptic (PE) patients

Based on the above evidence, we measured the protein levels of 
IGF2BP2 and MNSFβ in the placentas from the MNSFβ-cKO mice 

F I G U R E  1 Localization of monoclonal 
nonspecific suppressor factor beta 
(MNSFβ) at the foeto-maternal interface 
in human and mouse. (A: a and c), 
Immunofluorescence (IF) staining of 
MNSFβ (green) and/or cytokeratin 7 (CK7) 
(red) in human decidua and placental villi 
at weeks 7–9 of normal gestation. (b and 
d), Enlargement of the areas, as indicated 
in panels a and c, separately. (B: a-b), IF 
staining of MNSFβ (green) and/or CK7 
(red) in mouse placentas at embryonic 
day 10.5 (E10.5). (c), Enlargement of the 
area, as indicated in panel b. (C: a-b), 
Immunohistochemistry (IHC) of CK7 
(brown) and in situ hybridization (ISH) for 
MNSFβ (antisense probe, blue) in mouse 
placentas at E13.5. (d and e), Enlargement 
of the areas, as indicated in panels (a and 
b), separately. Hybridization with sense 
probe was performed as negative control 
and is shown in (c). Three functional layers 
at the foeto-maternal interface – decidua 
(Dec), sponge zone (Sp) and labyrinth (Lab) 
were lined out in (a). Scale bars indicate 
200 μm in (A) and (c) of (B), 600 μm in (a-b) 
of (B), 500 μm in (a-b) of (C) or 100 μm in 
(c-e) of (C)

(A)

A

A

A

D E

B C

B C

B C D

(B)

(C)
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at E13.5. Because MNSFβ was widely expressed in multiple cell 
types at the foeto-maternal interface (as shown in Figure 1B,C), the 
results of immunoblotting in the placental tissues revealed an ap-
proximately 70% decrease in the MNSFβ-cKO group compared with 
Control or Het groups (Figure 7A,B). The level of IGF2BP2 protein in 
these cKO placentas was reduced by nearly 60% relative to Control 
or Het groups (Figure  7A,B). Statistical analysis demonstrated a 
tight association between the protein level of MNSFβ and IGF2BP2 
in cKO placentas (Figure 7C). In parallel, the ubiquitination level of 
IGF2BP2 in cKO placentas at E13.5 obviously elevated compared to 
the Control group (Figure S4A).

It has been well accepted that compromised trophoblast cell 
invasion and subsequent insufficient spiral artery remodelling are 

predominant pathological changes in PE placenta, especially in those 
cases with severe symptoms. We thus examined the protein levels 
of MNSFβ and IGF2BP2 in the placentas from severe PE patients. 
Considering most of the severe PE placentas were delivered at ear-
lier than the 37th gestational week, we collected placentas from 
unexplained PTL as the gestational-week-matched control.14 As ex-
pected, the levels of MNSFβ and IGF2BP2 were significantly lower 
in PE placentas, being approximately 40% and 35% of the corre-
sponding PTL control, respectively (Figure 7D,E). Statistical analysis 
showed a tight association between the protein level of MNSFβ and 
IGF2BP2 in PE placentas (Figure 7F). As expected, the ubiquitination 
level of IGF2BP2 obviously increased in PE placentas compared to 
PTL control (Figure S4B).

F I G U R E  2 Deletion of monoclonal nonspecific suppressor factor beta (MNSFβ) in placental trophoblast cells results in embryonic 
lethality and placenta dysplasia by embryonic day 13.5 (E13.5). (A) Schematic of the mating strategy to generate placental trophoblast-
specific deletion of MNSFβ in mice. (B) Result of in situ hybridization (ISH) showing MNSFβ mRNA (messenger RNA) abundance in the 
placentas from Control, Het and conditional knockout (cKO) groups at E13.5. Decidua (antisense) and Labyrinth (sense) were included as 
positive and negative controls, separately. Scale bars indicate 20 μm. (C) Representative views of the uterus in F1 (Cyp19-Cre+/−/ MNSFβ 
loxp/+) female mice at E13.5, showing typical embryos and placentas in the Control and cKO groups, respectively. Red arrows represent lethal 
embryos. (D, E) Statistical analysis of the foetal weight, placental weight in Control, Het and cKO groups at E10.5 (D; N = 6) and E13.5 (E; 
N = 12). Data are presented as mean ± SEM, and comparison between groups is carried out with one-way analysis of variance (ANOVA) with 
Sidak's correction. *p < 0.05, **, p < 0.01
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4  |  DISCUSSION

A recent systematic study in mice with embryonic-lethal mutations 
demonstrates that a considerable number of embryonic defects may 
result from defective placentation, robustly revealing the vital role 
of a healthy placenta for embryonic development.3 In this study, 
the mice with trophoblastic deficiency of MNSFβ exhibited a similar 
phenotype of embryonic lethality with that of cKO mice.11 As stated, 
the deficiency of MNSFβ in trophoblasts from E6.5 causes an appar-
ently limited trophoblast cell invasiveness at E10.5, leading to great 
retardation in embryonic and placental development and eventu-
ally no surviving foetus. MNSFβ is widely expressed in multiple cell 

types at the foeto-maternal interface, the early placental dysplasia in 
trophoblast-specific deletion of MNSFβ strongly indicating the criti-
cal roles of this molecule for early differentiation of PHTs and thus 
for pregnancy maintenance.

The appropriate trophoblast differentiation towards invasive 
pathway is important to anchor the embryo into uterine wall and to 
build up proper blood perfusion into the foeto-maternal interface. 
Limited invasiveness has been recognized as the major pathological 
factor for various adverse pregnancy outcomes, including PE, foe-
tal growth restriction or early foetal loss.24–27 IGF2BP2  has been 
found to stimulate invasion and migration of trophoblast cell, and 
its protein level is significantly lower in severe PE placentas.22 Our 

F I G U R E  3 Defect in trophoblastic invasiveness in trophoblast-specific deletion of monoclonal nonspecific suppressor factor beta 
(MNSFβ) at embryonic day 10.5 (E10.5) and embryonic day 13.5 (E13.5). (A, B) Typical results of haematoxylin and eosin (HE) and 
immunohistochemistry (IHC) for cytokeratin 7 (CK7) in placentas from Control, Het and conditional knockout (cKO) groups at E10.5 (A) and 
E13.5 (B), respectively. Based on the HE and CK7 staining, decidua, sponge zone and labyrinth layers are separately marked by blue, red and 
yellow solid lines. Scale bars indicate 500 μm (upper panels) and 100 μm (lower panels). (C, D) Statistical analysis of the areas of decidua, 
sponge zone and labyrinth layers in Control, Het and cKO placentas at E10.5 (C) and E13.5 (D) (n = 5 in each group). (E, F) Statistical analysis 
of the number of trophoblasts that infiltrated into decidua and the invasion distance at E10.5 (E) and E13.5 (F) (n = 5 in each group). (G) 
Statistical results of quantitative real-time PCR for invasion-related marker genes (prl3a1, prl3b1, prl2c2 and prl3d1) in the placentas from 
Control, Het and cKO at E13.5 (n = 5 in each group). The experiments are independently repeated for three times, and data are presented 
as mean ± SEM. Comparison between groups is carried out with one-way analysis of variance (ANOVA) with Sidak's correction. *p < 0.05, 
**p < 0.01

F I G U R E  4 Monoclonal nonspecific suppressor factor beta (MNSFβ) directly interacts with insulin-like growth factor 2 mRNA binding 
protein 2 (IGF2BP2) in human trophoblast cell. (A) Typical result of immunoprecipitation (IP) of MNSFβ to IGF2BP2 in JEG3 (left) and human 
trophoblast stem cell (hTSC) (right) cells. (B) Typical results of the immunofluorescent staining of IGF2BP2 (green) and cytokeratin 7 (CK7) 
(red) in human decidua at weeks 7–9. (b and c), Enlargement of the area, as indicated in panel (a). (C) Immunofluorescent staining of IGF2BP2 
(green) and CK7 (red) in mouse placentas at embryonic day 10.5 (E10.5). (c), Enlargement of the area, as indicated in panel (b). White arrows 
represent human extravillous trophoblast (EVT) cells or the trophoblasts that invaded into decidua of mouse placenta. Scale bars indicate 
50 μm in (a) of (B), 20 μm in (b-c) of (B), 600 μm in (a-b) of (C) or 100 μm in (c) of (C)

(A)

(B)

A B C

A B C
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F I G U R E  5 Interaction between monoclonal nonspecific suppressor factor beta (MNSFβ) and insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2) in JEG3 cells. (A, B, C) Typical results (A) and statistical analysis (B) of immunoblotting, and statistical analysis 
of real-time polymerase chain reaction (RT-PCR) (C) for MNSFβ and IGF2BP2 in JEG3 cells following transfection with MNSFβ siRNA 
(small interfering RNA) (80 nmol/L), IGF2BP2 siRNA (80 nmol/L), scrambled siRNA (NC, 80 nmol/L), plasmid vector (Vector) or IGF2BP2-
overexpressing construct (pcDNA4-IGF2BP2). (D, E) Typical results (D) and statistical analysis (E) of immunoblotting for IGF2BP2 in JEG3 
cells treated with carbobenzoxy-Leu-Leu-leucinal (MG132) (10 μM) for different time periods. (F) Immunoprecipitation with antibody against 
IGF2BP2 or immunoglobulin G (IgG), followed by immunoblotting for ubiquitin (Ub) or IGF2BP2 in JEG3 cells transfected with MNSFβ siRNA 
or scrambled siRNA (NC). Data are presented as mean ± SEM based on three independently repeated experiments, and comparison between 
groups is carried out with Student's t-test. *p < 0.05, **p < 0.01
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findings substantiate the role of IGF2BP2 in controlling tropho-
blastic fate towards invasive pathway, and clearly reveals the vital 
role of MNSFβ to stabilize IGF2BP2 and thus reinforce its invasion-
enhancing effect.

MNSFβ has long been known as a non-antigen-specific immuno-
suppressive factor. It was first found to be a lymphokine produced 
by murine T cell hybridoma which can inhibit the secretion of immu-
noglobulin (Ig) from LPS-induced mononuclear cells.28 Our previous 

observation that MNSFβ acts in a paracrine manner to promote in-
terleukin-4 (IL-4) while inhibiting tumour necrosis factor-alpha (TNF-
α) production in mouse lymphocytes also indicates its property as 
a lymphokine.7 Later studies reveal its participation in modulating 
apoptosis and phagocytosis of macrophage through intracellularly 
interacting with other proteins. For instance, MNSFβ conjugates 
to Bcl-G and strongly promotes lipopolysaccharide (LPS)/inter-
feron gamma (IFNγ)-triggered apoptosis in mouse macrophage by 

F I G U R E  6 Monoclonal nonspecific suppressor factor beta (MNSFβ) fosters cell invasion through interaction with insulin-like growth 
factor 2 mRNA-binding protein 2 (IGF2BP2) in JEG3 cells. (A, C) Typical results (A) and statistical analysis (C) of Transwell insert assay 
in JEG3 cells following transfection with MNSFβ siRNA (small interfering RNA), IGF2BP2 siRNA, scrambled siRNA (NC), plasmid vector 
(Vector), or IGF2BP2-overexpressing construct (pcDNA4-IGF2BP2). (B, D) Typical results (B) and statistical analysis (D) of the Transwell 
insert assay in JEG3 cells following transfection with MNSFβ siRNA together with or without IGF2BP2-overexpressing construct (pcDNA4-
IGF2BP2). Scale bars indicate 100 μm. In each group, 10 views were randomly selected and the invaded cells were quantified. Data are 
presented as mean ± SEM based on three independently repeated experiments, and comparison between groups is carried out with 
Student's t-test. *p < 0.05, **, p < 0.01
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downregulating the extracellular signal-regulated kinase (ERK)/
activator protein 1 (AP-1) signalling cascade and thus cyclooxygen-
ase-2 (Cox-2) activation.29 MNSFβ–endophilin II complex can inhibit 
phagocytosis of macrophages by inhibiting the signalling upstream 
of IKK activation.30 This information indicates a wide spectrum of 
MNSFβ's interacting targets and may act more than an immuno-
suppressive factor. Our preliminary experiments demonstrated a 
rather low level of secreted MNSFβ in the primary culture of human 

PHTs and JEG3 cells. In addition, the invasion-promoting effect of 
the condition media (CM) from PHT cells could hardly be blocked by 
pre-treating CM with anti-MNSFβ neutralizing antibody. Thus, we 
assumed that MNSFβ regulated trophoblast invasion in an intracel-
lular manner, but not in secreted form. On the other hand, our study 
in human trophoblast cells demonstrated little influence of MNSFβ 
on cell apoptotic activity, suggesting the distinct working mecha-
nisms of MNSFβ in PHTs from those in macrophages.12 As indeed, 

F I G U R E  7 Expressions of monoclonal nonspecific suppressor factor beta (MNSFβ) and insulin-like growth factor 2 mRNA-binding 
protein 2 (IGF2BP2) in the placentas derived from MNSFβ-deletion mice and preeclamptic (PE) patients. (A-B) Typical results (A) and 
statistical analysis (B) of immunoblotting for MNSFβ and IGF2BP2 in the placentas from Control, Het and conditional knockout (cKO) mice 
at embryonic day 13.5 (E13.5) (n = 8 in each group). (C) Correlation analysis between MNSFβ and IGF2BP2 in cKO placentas at E13.5. (D-E) 
Typical results (D) and statistical analysis (E) of immunoblotting for MNSFβ and IGF2BP2 in the placentas from unexplained preterm labour 
control (PTL) and severe PE patients (n = 7 in each group). (F) Correlation analysis between MNSFβ and IGF2BP2 in the placentas of PTL 
and severe PE. Data are presented as mean ±SEM based on three independently repeated experiments, and comparison between groups is 
carried out with Student's t-test or one-way analysis of variance (ANOVA) with Sidak's correction. *p < 0.05, **p < 0.01



    |  13 of 14YANG et al.

our results of GST pull-down in human trophoblast cells identified 
several proteins that potentially bind to MNSFβ (Table  S4), which 
were not similar to those found in macrophages. Such a difference 
also indicated that the effect of MNSFβ may largely depend on the 
intracellular microenvironment.

Here in our study, in vitro and in vivo experiments proved a di-
rect effect of MNSFβ on trophoblast cell invasion, partly through 
an intracellular interaction with IGF2BP2. However, it is notable 
that among the candidates that potentially bind to MNSFβ, ribo-
somal protein S3A (RPS3A) was reported to promote the biological 
processes related to tumourigenesis, metastasis and immunosup-
pression in hepatocellular carcinoma patients,31 human zinc finger 
RNA-binding protein (ZFR) repressed the interferon response by 
preventing aberrant splicing and nonsense-mediated decay of his-
tone variant macroH2A1/H2AFY mRNAs to regulate macrophage 
differentiation.32 These evidences suggest the possibility of MNSFβ 
to regulate the production of immune factors in human tropho-
blasts. Therefore, embryonic lethality in MNSFβ-cKO mice may also 
result from the compromised produce of immune-regulating factors 
from MNSFβ-deficient trophoblasts which contributes to the im-
balance of immune status at the maternal–foetal interface. Further 
exploration of the interactions between MNSFβ and other proteins 
will warrant an in-depth understanding of how MNSFβ controls the 
trophoblast cell fate and pregnancy outcomes.

Our results in MG132-treated or MNSFβ-knockdown JEG3 
cells, and the placentas from MNSFβ-cKO mice or severe PE pa-
tients strongly indicated the protection of IGF2BP2 from ubiquitin-
proteasome degradation by MNSFβ in trophoblasts; whereas the 
underlying mechanism of IGF2BP2 stabilization by MNSFβ remains 
unclear. Previous evidences have shown that MNSFβ can cova-
lently attach to specific target proteins with a linkage between the 
C-terminal G74 and certain lysines, such as K110 in Bcl-G, K294 
in endophilin II, K481 in heat shock protein 60 (HSP60) and K72 
in formate dehydrogenase (FDH).30,33–35 K139 in IGF2BP2  has 
been the predominant site for its ubiquitination.36 We thus assume 
that the covalent binding between G74 in MNSFβ with K139 in 
IGF2BP2 may be the recognition site to protect the degradation 
of IGF2BP2.

Interestingly, our results showed that the areas of all three 
functional layers, decidua, sponge zone and labyrinth, significantly 
decreased in MNSFβ-cKO mice, indicating that the embryonic le-
thality, placental and foetal maldevelopment in MNSFβ-deficient 
mice may not be solely caused by an impaired EVT invasion, but 
may also involve compromised trophoblast syncytialization and 
thus placental haemodynamics or spongiotrophoblast differentia-
tion. On the other hand, considering the extensive expression of 
MNSFβ in diverse cell types at the foeto-maternal interface and its 
lymphokine property, there is a possibility that MNSFβ from other 
cells may, to a certain extent, compensate its deletion in tropho-
blasts, leading to a relatively late appearance of the placental phe-
notypes in cKO mice. Further investigation using models such as 
trophoblast subtype-specific deletion or tetraploid compensation 
is needed to address these issues.

In general, our findings reveal the crucial role of MNSFβ in mod-
ulating trophoblast differentiation at the early stage of gestation. 
Particularly, it affects trophoblastic invasiveness by binding and sta-
bilizing IGF2BP2. The study also indicates the participation of func-
tionally deficient MNSFβ in the pathogenesis of pregnancy disease 
such as PE.
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